It has been shown that few-layer graphene films can be grown by atmospheric chemical vapor deposition using deposited Ni thin films on SiO 2 /Si substrates. In this paper we report the correlation between the thickness variations of the graphene film with the grain size of the Ni film. Further investigations were carried out to increase the grain size of a polycrystalline nickel film. It was found that the minimization of the internal stress not only promotes the growth of the grains with (111) orientation in the Ni film, but it also increases their grain size. Different types of SiO 2 substrates also affect the grain size development. Based upon these observations, an annealing method was used to promote large grain growth while maintaining the continuity of the nickel film. Graphene films grown from Ni films with large versus small grains were compared for confirmation.
Introduction
During the past few years research in graphene has caught a lot of attention due to its remarkable properties, such as high electron and hole mobility (∼up to 200 000 cm 2 V −1 s −1 ) [1] , high current carrying capability (up to 3 × 10 8 A cm −2 ) [2] and high mechanical robustness [3, 4] . Many potential applications have been proposed [5] [6] [7] [8] and, as a result, it is highly desirable to develop reliable synthesis techniques to fabricate the graphene material. Recently we have developed a 5 These authors contributed equally in this work. 6 Author to whom any correspondence should be addressed. facile method to grow few-layer graphene films by atmospheric pressure chemical vapor deposition (CVD) using Ni thin films deposited on SiO 2 /Si substrates [9] [10] [11] . Comparing with previous methods to grow graphene flakes/films on metallic substrates, one significant advantage is that the thin Ni film on top of the SiO 2 /Si substrate develops a flat surface and eliminates the need of any surface polishing. The high temperature annealing step gives rise to a polycrystalline Ni film which has single-crystal grains with atomically flat terraces. The growth of high quality, few-layer graphene on the Ni film is enabled and afterwards the Ni film can be easily etched away so that the graphene film can be transferred to another substrate. These Ni films are deposited onto SiO 2 /Si substrates by sputtering. Depending on the sputtering conditions (substrate temperature, chamber pressure, etc), different average sizes of the Ni grains were obtained after the high temperature annealing. In this work, we investigated the influence of the Ni grain sizes on the morphology of the CVD-grown graphene. It was found that, under present CVD growth conditions, one or two layers of graphene grow on top of the flat single-crystal grains and multilayer graphene usually grows at the grain boundary regions. Therefore there is a close correlation between the grain size distributions of the Ni films with the morphology of the graphene films. Obtaining large grains in the Ni film is more favorable in minimizing the thickness non-uniformity of the graphene film. Previous understanding on the grain growth in transition metal films provides significant guidance in finding the optimum conditions of the Ni film deposition and annealing to obtain large Ni grain sizes which favor the growth of 1-2-layer graphene regions.
Experimental details
Our graphene growth starts with Ni-coated SiO 2 /Si substrates; the Ni thin film is deposited by sputtering to a thickness of 500 nm. In a typical growth, the substrate is loaded into a quartz tube and heated up in a CVD furnace to 900-1100
• C. This annealing process is carried out under H 2 and Ar atmosphere. The flow rate is kept constant at 200 sccm and 800 sccm for H 2 and Ar, respectively. Afterwards we either stay at the same furnace temperature or change to a different temperature to start the graphene growth. In the CVD growth step we change the flow rate of H 2 to 1300 sccm and stop introducing Ar. Simultaneously we start flowing ∼4 sccm CH 4 , which acts as the carbon source. After 5 min of growing we take the quartz tube out of the furnace and cool it down under H 2 and Ar. In the Ni grain growth experiments, we only carried out the annealing step before cooling the substrate to room temperature. Figure 1 shows the evolution of the Ni film surface at different stages during the graphene synthesis process. Figure 1(a) is an AFM image of the Ni surface after sputter deposition. Compared with the underlying SiO 2 /Si substrate, the surface became rougher. The RMS value increased from 0.163 (thermal SiO 2 ) to 4.40 nm (sputtered Ni). During the annealing process some of the nickel grains start to grow whereas the others shrink. This growing process can be described by the following equation [12] :
Results and discussions

Evolution of the Ni film and correlation between the Ni structure and graphene thickness variation
where r is the grain radius,r is the average grain radius, M is the grain boundary mobility, γ s is the surface energy,γ s is the average surface energy, γ i is the interface energy (to the substrate),γ i is the average interface energy, γ gb is the grain boundary energy and h is the film thickness. If dr/dt > 0 the grain starts to grow, otherwise it will shrink. Therefore the growth of a grain with the surface/interface energy slightly smaller than the average surface/interface energy will be promoted. As a result, some grains grow whereas other grains will vanish. The average grain size increases during the annealing. This result is shown in figure 1(b), which is an optical image of the surface of the nickel film after 20 min of annealing at 900
• C. The black lines are the Ni grain boundaries. The lateral size of the grains after annealing can be as large as tens of μms. Each grain is a single-crystal grain with a flat surface ( figure 1(d) ). The RMS roughness is 1.38 nm. The grains are separated by groove-like grain boundaries, which can be deeper than 30 nm.
In figure 2 (a) the optical image of an as-grown sample surface is shown. The darker areas near the grain boundaries correspond to graphite whereas on top of the nickel grains we get one or two layers of graphene. We see the correlation between the sizes of the nickel grains and the sizes of the graphene areas with one or two graphene layers in figures 2(b) and (c) (see circled areas). The 1-2-layer graphene area is limited by the size of the nickel grains. Therefore in order to enlarge these 1-2-layer regions it is necessary to increase the size of the nickel grains. This leads to our following investigations towards a better understanding of the growth mechanism of the nickel grains on SiO 2 .
Controlling Ni grain growth
Reducing thermal stress inside the Ni film.
In general there are two different types of grain growth [12] , which are normal and abnormal grain growth. An important characteristic of the normal grain growth is that, after the annealing, the average grain size does not exceed the film thickness. Also the shape of the grain size distribution of the single grains is not changing. Only the peak of the distribution shifts to larger grain sizes. Normal grain growth rarely occurs in thin films. Abnormal grain growth is preferred: due to the surface and interface energy anisotropy, only a subpopulation of the grains which are favored will start to grow. Therefore the grain size distribution develops until the portion of the population which is not favored is eliminated. The abnormal grain growth has the characteristic that the average grain size is up to an order of magnitude larger than the film thickness.
In our experiments we used 500 nm sputtered Ni films.
This implies that our grains should also be in the range of several hundred nanometers if we observe normal grain growth. However, they were much bigger in our experiments. The ratio of the grain diameter (about 10 μm) to the thickness of the nickel film (500 nm) is around 20 which could only be obtained by abnormal grain growth [12] . In the case of abnormal grain growth, the driving forces are the surface/interface energy minimization or stress minimization [12] . In fcc metals, the (111) planes always have the lowest surface/interface energy with respect to other crystallographic orientations [13] . Therefore the growth of Ni(111) grains (i.e. grains having their surface normal perpendicular to the (111) crystal plane) is preferred due to energy minimization between the Ni(111) surface and the underlying substrate. However, in the case of Ni films having high stress, the surface/interface energy minimization is no longer the dominant driving force. Rather, the system tries to minimize its internal stress instead of the surface/interface energy. In this case, the growth of grains with a (100) crystallographic orientation is preferred because the Young's modulus has the lowest value in the (100) direction for fcc metals-in order to reduce the internal stress, Ni(100) grains are easier to expand or compress than grains with other orientations. In order to grow graphene epitaxially on nickel, the lattice mismatch should be small. The smallest mismatch is for grains with the (111) orientation (1.2%). Therefore we optimized the nickel film to promote the growth of (111) grains. The total stress depends on the thickness of the film and on the difference between the deposition temperature and the annealing (grain growth) temperature, T [14] . As a result, the amount of stress in the nickel film determines the type of energy minimization in the Ni film and therefore the grain orientations that are favored during grain growth. The total stress σ total in the nickel film can be calculated by the following formula:
where σ thermal is the stress which occurs during annealing due to the different expansion coefficients of Si and Ni and σ external is the stress which is caused by an external force. The stress at room temperature when no external force is applied is σ intrinsic .
In our experiment we can neglect σ external , because there is no external force. In the case when σ total > 0 we speak of tensile stress, otherwise it is compressive stress. The thermal stress is given by the following expression:
This means the higher the temperature difference T (=T annealing − T deposition ) the higher the thermal stress. Therefore during the grain growth, the system will favor energy minimization with low T (i.e. low σ thermal ) and will favor stress minimization under high T (i.e. high σ thermal ). Due to the fact that α Si < α Ni and T deposition < T annealing the stress at the annealing temperature of 1000
• C is highly compressive. In order to enhance the growth of Ni(111) grains we need to decrease T and therefore increase T deposition . Similar conclusions have been made by investigations in Ag film growth, which is also an fcc metal as Ni [14] . Thus we used higher deposition temperatures to minimize the stress. In order to confirm that we really promoted the growth of grains with (111) morphology with respect to grains with (100) morphology or other crystallographic directions, we carried out x-ray diffraction analysis (see figure 3 ). Before we annealed our samples, the Ni films contained grains with both (111) and (100) orientations. After the annealing, only the (111) diffraction peak was detected, suggesting an increase in the population of Ni(111) grains.
We found that a positive side effect of minimizing the stress in the system was that the nickel grains grow larger under lower stress, which results in larger areas of one-or two-layer graphene. The optical images for three different deposition temperatures are illustrated in figure 4 . We used the Image J software to obtain an estimate of the average grain sizes. It shows that we obtained the largest nickel grains for the higher deposition temperature (450 • C).
Reducing the internal stress.
The deposition conditions were also optimized to decrease the stress in the film and enhance grain growth. Since the limit of the deposition temperature (determined by our deposition chambers) was reached, we started to manipulate the intrinsic stress. As the Figure 3 . XRD data of the nickel thin film before annealing (black) and after annealing (red). The intensity is normalized to the nickel (111) peak. The red curve has an arbitrary offset in the y direction for better illustration.
thermal stress is compressive in our experiments, a tensile intrinsic stress would help to decrease the total stress in the film.
One way to do this is by increasing the argon pressure during sputtering deposition. The intrinsic stress (tensile) increases monotonically with argon pressure [15] .
In figure 5 we compared two 500 nm thick nickel films sputtered at 3 mT and 15 mT argon pressure, respectively. They are both annealed at the same conditions. This experiment confirms the previous understanding. The sample with the lower total stress (high argon pressure) shows larger nickel grains.
Effect of the underlying surface.
Apart from tailoring the sputtering condition to get large grains in the (111) orientation, we also observed an interesting effect on the grain growth by the underlying SiO 2 surface. We sputtered Ni under the same conditions onto three different types of SiO 2 substrates: thermally grown SiO 2 , low stress PECVD-grown SiO 2 and PECVD-grown SiO 2 . Figure 6 shows that the size of the nickel grains is smallest on the thermally grown SiO 2 and is largest on PECVD-grown SiO 2 . All three samples were annealed under the same conditions. The grain size of polycrystalline nickel on PECVD SiO 2 is a factor of 2 larger than on thermally grown SiO 2 . At present the exact reason for this interface effect is not known; one possibility is the difference in the roughness of the surfaces. Figure 7 shows the AFM images of these three types of substrates. The arithmetic average roughnesses are 0.163 nm, 1.33 nm and 1.4 nm for thermal SiO 2 , low stress PECVD SiO 2 and PECVD SiO 2 , respectively. Since the interface with the highest roughness has the largest area, which will give rise to the largest surface/interface energy, it is possible that, due to this reason, the PECVD SiO 2 promotes the largest grain growth of the Ni film among the three types of substrates. 
Time dependence.
Another way to increase the grain size of the nickel grains is by optimizing the annealing process. There are two very important equations which describe the grain growth in a certain range:
where r is the grain radius, α is the grain boundary mobility, t is the annealing time, Q is the activation energy for the grain boundary motion, k is the Boltzmann constant and T is the annealing temperature. It should be noticed that these equations hold only for an ideal case. In reality the grain growth becomes stagnant. During the grain growth a groove is forming at the grain boundary. When the groove becomes deeper the curvature of the grain boundary increases. If this curvature exceeds a certain threshold, the grain boundary motion stops and the grain growth stagnates [16] . We did some experiments to check for this dependence. first experiment where we took a nickel sample and changed the annealing time, leaving everything else constant. It is noticeable that with increasing annealing time the grain size is increasing. Notice that there is a large change in the average grain size between 1 and 15 min of annealing, but only a small change between 15 and 40 min of annealing. This is due to the stagnation of grain growth. When we expose a thin nickel film to H 2 under elevated temperatures we observe that the nickel starts to vanish at different spots ('holes' in the Ni film, such as the one shown in figure 2(b) ). Under elevated temperatures hydrogen atoms are able to diffuse into the nickel and form hydrogen clusters. These clusters grow over time and build up pressure. If the pressure overcomes the cohesive force in the nickel, cracks will initiate at the walls of these clusters and destroy the nickel film [15] . The resulting pinholes are called hydrogen blisters. Their amount increases with longer annealing times and higher annealing temperatures. The presence of the holes complicates the graphene growth and transfer process and is thus undesirable. As a result, there is an optimum time for our Ni film annealing.
Temperature dependence.
In the next step we checked the dependence of the grain size on the annealing temperature. Three samples were annealed at 900
• C, 1000
• C and 1100
• C, respectively. The annealing time in all three experiments was only 1 min. The result of this experiment is displayed in figure 9 . The strong increase of the grain size with increasing temperature is clearly noticeable. The short annealing time in this experiment avoids damage of the 500 nm thick nickel film by hydrogen blisters. After combining the two main results of the previous experiments (i.e. optimizing the film deposition conditions in terms of substrate temperature and Ar gas pressure during deposition; long annealing times lead to successive damage of the nickel film and high temperatures for enhanced grain growth velocity) we came up with an Figure 9 . Optical images of the surface of the nickel film which was annealed for one minute at 900
• C (a), 1000
• C (b) and 1100
• C (c). Figure 10 . Illustration of the optimized annealing procedure. It takes only 7 min and starts with a ramp up to 1000
• C followed by a cool down to 1000
• C, which is necessary to avoid the destruction of the nickel film.
optimized annealing procedure. The most important part of this annealing procedure is to heat up the sample very fast to high temperatures and to stay there only for a short time period. Afterwards we cool down the sample to the temperature that is needed for the following CVD process. The sketch of the annealing procedure is illustrated in figure 10 . The curve shows that the furnace is preheated to 1100
• C in order to save time. As the CVD tube containing the sample is introduced, the temperature drops. Afterwards the sample is heated in a very short time to 1100
• C. As soon as the sample reaches this temperature, the furnace is cooled down to 1000
• C. This process gave the largest average grain size without significant damage of the nickel film. We also reduced the amount of H 2 as much as possible, because of the negative effect of H 2 on the nickel film. However, the introduction of some H 2 flow was still necessary to avoid oxidation of the Ni film at high temperatures and preserve the catalytic activity of the Ni surface during the CVD process.
After optimizing the grain growth we were able to increase the thickness uniformity of the graphene significantly. The results are shown in figure 11.
Summary
In summary, we introduced different procedures to obtain very large grains in a thin nickel film with (111) orientation, in order to improve the thickness uniformity of the graphene grown from these Ni films. We have shown that a high deposition temperature and a high argon pressure promotes the growth of nickel grains with (111) orientations and also increases the grain size itself. A rough surface enhances the driving force of the abnormal grain growth and thus results in large grain sizes. Based upon these understandings, we developed an annealing procedure which uses high temperatures and short annealing times to grow larger nickel grains without any destruction of the surface due to hydrogen blisters.
